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INTRODUCTION
Sensory experience and perceptual learning can remodel neocortical synaptic circuits throughout life (Feldman, 2009 ). The long-term potentiation and depression of synapses (LTP and LTD, respectively) constitute a fundamental underpinning of such functional cortical synaptic circuit plasticity (Bliss and Collingridge, 1993; Sjö strö m et al., 2008; Feldman, 2009; Froemke, 2015) . However, the circuit mechanisms of cortical LTP and LTD remain unclear. In particular, the interactions of long-range feedback projections with local cortical microcircuits and the role thereof in local cortical plasticity have been poorly investigated.
The mouse somatosensory cortex (S1) serves as an important model for LTP and LTD, largely owing to the one-to-one anatomical relationship between individual sensory organs (whiskers) and the cortical columns (Feldman, 2009) . Hence, it is relatively easy to perform targeted recordings, as well as to selectively enhance or decrease sensory input. First-order, whisker sensory information passes to S1 through the ventroposterior medial (VPM) thalamus, which projects onto layer (L) 4 and L5b, representing the lemniscal pathway (Figures 1A and 1B; Feldmeyer, 2012) . L4 granule cells and L5b pyramidal neurons (PNs) in turn synapse, among others, onto L2/3 PNs, which are interconnected (Lefort et al., 2009; Petreanu et al., 2009; Feldmeyer, 2012) . Higher-order thalamocortical afferents from the posteromedial thalamic complex (POm) join ascending sensory input to S1 and project onto L2/3 and L5a PNs, representing the paralemniscal pathway (Bureau et al., 2006; Petreanu et al., 2009; Feldmeyer, 2012; Jouhanneau et al., 2014) . Therefore, both lemniscal inputs (via L4) and paralemniscal inputs (via direct POm projections) arrive at L2/3 PNs. The functional difference between the lemniscal and paralemniscal thalamocortical pathways is still enigmatic. Some studies suggest that they represent parallel information streams, whereas others propose that they are hierarchically linked (Diamond et al., 2008; Sherman 2016) .
L2/3 PNs are inhibited by a variety of inhibitory interneurons (INs). In particular, their perisomatic regions are mainly inhibited by parvalbumin (PV)-expressing INs (Freund and Katona, 2007; Tremblay et al., 2016) whereas their distal dendrites are targeted, among others, by somatostatin (SST)-expressing INs (Wang et al., 2004; Gentet et al., 2012) . These, in turn, are inhibited by vasoactive intestinal peptide (VIP)-expressing INs (Pfeffer et al., 2013; Lee et al., 2013; Pi et al., 2013; Jiang et al., 2015) . The lemniscal (L4) and paralemniscal (POm) pathways provide direct and indirect input to all three IN types (Wall et al., 2016; Audette et al., 2018) .
L2/3 PNs in S1 can undergo LTP following frequent stimulation of L4 (Aroniadou-Anderjaska and Keller, 1995; Castro-Alamancos et al., 1995; Glazewski et al., 1998) or upon pairing of presynaptic inputs with postsynaptic action potentials (Feldman, 2000) . In vivo, LTP can also be induced by rhythmic whisker stimulation (RWS) (Delacour et al., 1990; Mé gevand et al., 2009; Gambino et al., 2014) . This form of postsynaptic LTP does not necessarily rely on back-propagating action potentials (bAPs) but is driven by long-lasting N-methyl-D-aspartate receptor (NMDAR)-mediated potentials that are dependent on the activity of the POm (Gambino et al., 2014) . This suggests that lemniscal as well as paralemniscal activity is necessary to induce LTP. However, it remains unclear whether co-activity of the POm and L4 alone is sufficient to drive LTP in L2/3 PNs and what, exactly, are the underlying microcircuits within S1 that mediate this LTP.
Here, we aimed at dissecting the circuit underpinnings of this type of plasticity in thalamocortical slices by isolating the synaptic inputs that we suspect are driving the RWS-evoked LTP in L2/3
PNs in vivo. We paired optogenetic stimulation of POm afferents with electrical stimulation of L4-originating or ascending pathways over the same time course and at the same frequency (1 min; 8 Hz) (Delacour et al., 1990; AroniadouAnderjaska and Keller, 1995; Castro-Alamancos et al., 1995; Glazewski et al., 1998; Mé gevand et al., 2009; Gambino et al., 2014) . RWS-driven potentiation is dependent on the recruitment of thalamocortical inputs originating in the POm (Gambino et al., 2014) . To mimic this paradigm in thalamocortical brain slices, we recorded intracellular responses from L2/3 PNs while pairing electrical stimuli (ES) of L4 with optical stimuli (OS) of POm afferents expressing the light-gated ion channel channelrhodopsin-2 (ChR2) (Zhang et al., 2006) at 8 Hz for 1 min (Figures 1A and 1B ; STAR Methods). ChR2 was expressed in POm neurons using targeted injections of recombinant adeno-associated viral vectors (AAV). Successful injections could be identified by virtue of robust expression of ChR2-tdTomato in POm neurons, as well as by the distinct expression pattern in the barrel cortex of S1, where dense projections could be observed in L1 and L5 and not in L4 ( Figures 1A, 1C , and S1A-S1C; Wimmer et al., 2010) . Typical spiking patterns induced by current steps identified L2/3 PNs ( Figure 1D ; Avermann et al., 2012) . A single electrical stimulation pulse in L4 (L4-ES) (0.2 ms) evoked a depolarizing postsynaptic potential (PSP) in L2/3 PNs, incidentally followed by a hyperpolarizing overshoot (Figure 1D ). The latter component was eliminated by blocking g-aminobutyric acid receptors (GABARs) using bath application of picrotoxin (Ptx) (100 mM, specifically GABA A R), which is consistent with L4-mediated feedforward inhibition (House et al., 2011) . Optical stimulation of ChR2-expressing POm projections (POm-OS) (5-ms pulse) consistently evoked a depolarizing PSP ( Figure 1D ). Bath application of Ptx slightly reduced the POm-evoked PSP, suggesting that those inputs are already disinhibited under baseline conditions. Bath application of 2,3-dihydroxy-6-nitro-7-sulfamoyl-benzo[f]quinoxaline-2,3-dione (NBQX) (10 mM) completely eliminated the L4 and POm-evoked PSPs, indicating dependence on a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors (AMPARs) ( Figure 1D ).
We performed rhythmic paired stimulation (RPS) of L4 and POm (8 Hz; 1 min) and measured both L4 and POm-evoked PSP amplitudes pre-and post-pairing ( Figure 1E ). RPS significantly increased mean L4-evoked PSP amplitudes ( Figures 1F and 1G ). Mean POm-evoked PSP amplitudes were not significantly potentiated ( Figures 1H and 1I ), which demonstrates that the LTP is expressed on intracortical and not on thalamocortical synapses.
To determine whether activity of POm afferents is necessary for RPS-driven LTP, we repeated the RPS experiment with both ChR2 and hM4Di receptors (inhibitory designer receptors exclusively activated by designer drugs [DREADDs] ) present in the POm ( Figure 1J ; Armbruster et al., 2007) . The hM4Di receptors were activated by bath application of the synthetic agonist clozapine-N-oxide (CNO) (500 nM), which diminished the likelihood of eliciting a POm-evoked PSP (59% increase in failure rate; Figure 1K ; Stachniak et al., 2014) . Under these conditions, RPS did not elicit significant LTP (Figures 1L and 1M ). This effect was not attributable to the CNO itself, because the presence of CNO did not prevent RPS-driven LTP in slices that lacked hM4Di expression ( Figures 1L and 1N ). This suggests that reduced POm activity prevents LTP, which is consistent with previous findings in vivo (Gambino et al., 2014) .
To corroborate these findings, we tested the effect of rhythmic stimulation of L4 only, which has previously been shown to elicit LTP (Aroniadou-Anderjaska and Keller, 1995; Castro-Alamancos et al., 1995; Glazewski et al., 1998) . L4 rhythmic electrical stimulation at 8 Hz for 1 min (L4-RES) did not significantly increase mean L4-evoked PSP amplitudes ( Figures S1D-S1F ). Nonetheless, in 4 out of 7 cells, L4-RES induced a significant LTP. These data suggest that L4-RES alone is able to induce LTP in some cells, which may, however, be due to the incidental recruitment of POm ascending fibers passing through L4. Therefore, to eliminate any residual contribution of POm-derived inputs in the L4-RES paradigm, we repeated the experiment using hM4Di expression in the POm. Upon decreased synaptic transmission of POm afferents, L4-RES failed to increase the mean L4-evoked PSP amplitudes (Figures S1E and S1F). Normalized L4-evoked PSP amplitudes were significantly larger after the L4-RES protocol as compared to L4-RES under decreased POm activity (Figure S1F) . None of the suppressed LTP effects above were attributable to a change in baseline L4 or POm PSP amplitudes, as across experiments baseline PSP size was not correlated with LTP size; nor was there a correlation between LTP size and various electrophysiological parameters ( Figure S1G and S1H). Together, the data strongly suggest that POm inputs are required to drive LTP upon rhythmic activation of L2/3 PN synapses.
We observed no spikes upon RPS or L4-RES. Thus, similar to in vivo experiments, the LTP occurs in the absence of bAPs and instead could have been caused by long-lasting subthreshold depolarization (Gambino et al., 2014) . Indeed, we found an increase in cumulative PSP amplitudes during RPS as compared to L4-RES under decreased POm activity ( Figures S1I-S1K ). The amplitude of the 1 st PSP upon the repeated pairing, which is a measure of the increased depolarization, was predictive of the size of the LTP (Figures S1L and S1M) .
Altogether, these data indicate that the activation of POmderived paralemniscal circuitry, during rhythmic stimulation, is necessary to drive the potentiation of cortically originating synaptic circuits. Hence, in all of the following experiments, we used RPS-driven LTP to investigate the cellular and circuit underpinnings (STAR Methods).
RPS-Evoked LTP Is NMDA Dependent and Shares Expression Mechanisms with Whisker-StimulationEvoked LTP In Vivo We next used pharmacology to investigate the mechanisms underlying this LTP. RPS under a GABAR block (using 100 mM Ptx) elicited a robust LTP in all PNs (Figures 2A and 2B ). L4-evoked PSP amplitudes did not increase without RPS ( Figure 2E , no RPS Ptx ), excluding the possibility that the observed effect was caused by a ramping up of baseline responses upon a GABAR block. When the NMDAR blocker (2R)-amino-5-phosphonovaleric acid (APV) (50 mM) was added, LTP could not be elicited ( Figures 2C-2E ). These data indicate that the LTP occurs at excitatory synapses, is NMDAR dependent, and is not attributable to plasticity of inhibitory connections. Similar to the silencing of POm inputs, the NMDAR block reduced PSP amplitudes at the start of the RPS period and significantly impaired the cumulative depolarization ( Figures S2A-S2C ). This is consistent with the in vivo observation that POm inputs promote LTP through the facilitation of NMDAR-mediated conductance.
We hypothesized that, if RPS-driven LTP shares its underlying mechanisms with RWS-driven plasticity in vivo, RWS would occlude subsequent RPS-driven potentiation in slices from these mice. To test this, we rhythmically stimulated the whiskers with piezoelectric actuators (8 Hz; 10 min; STAR Methods). It has previously been shown that rhythmic stimulation of all or a single whisker in anesthetized animals induces a robust increase in whisker-evoked cortical local field potentials and LTP, respectively (Mé gevand et al., 2009; Gambino et al., 2014) . Here, we chose to stimulate all whiskers to increase the number of cells and barrel columns that could express LTP. This was followed by immediate slice preparation and RPS (Figure 2F ; STAR Methods). We found that RPS failed to induce significant LTP in slices of mice that had undergone prior RWS ( Figures 2F-2H , RPS RWS ). Similarly, RPS-driven LTP in slices followed by a second RPS could not elicit further LTP (Figure S2D, 2 nd RPS).
Altogether, these results suggest that the paired stimulation of L4 and POm pathways ex vivo results in an LTP of a large fraction of the synapses that are also potentiated by RWS in vivo and implies that similar synaptic circuits are recruited by repeated sensory stimuli.
Paired POm Thalamic and L4 Cortical Inputs Engage Disinhibitory Microcircuit Motifs
We next questioned whether the excitatory inputs from L4 and POm onto L2/3 PNs are sufficient to induce LTP or whether local disinhibition is also required (Gambino and Holtmaat, 2012; Saez and Friedlander, 2016) . We focused on the role of SST, VIP, and PV INs. These INs constitute a large part of the inhibition that is received by L2/3 PNs (Tremblay et al., 2016; Feldmeyer et al., 2018) . In addition, the VIP-to-SST connections constitute a well-characterized disinhibitory microcircuit for L2/3 PN apical dendrites (Wang et al., 2004; Gentet et al., 2012; Pfeffer et al., 2013; Lee et al., 2013; Tremblay et al., 2016; Feldmeyer et al., 2018) , which is also the main location of POm inputs (Petreanu et al., 2009) . We recorded from these INs to determine whether they are activated by L4-ES and/or POm-OS and to measure the effect of paired L4 and POm stimulation (PS) ( Figure 3 ) and RPS ( Figure S3 ).
We used VIP-Cre, SST-Cre, and PV-Cre mice in combination with Cre-dependent AAV viral vectors to target expression of hM4Di-mCherry to those INs (STAR Methods; Taniguchi et al., 2011; Hippenmeyer et al., 2005) . POm neurons were transfected using AAV-ChR2-YFP viral vectors. Cortical injections of the conditional hM4Di-mCherry vector resulted in robust and widespread expression ( Figures 3A, 3E , 3I, S3A, S3C, and S3E). To determine efficiency and specificity of labeling, we performed immunohistochemistry using anti-SST, anti-VIP, and anti-PV antibodies. 100% of the hM4Di-mCherry-positive cells were positive for their respective markers (STAR Methods; Figures S3A, S3C, and S3E). Labeled cells were found in all layers, in accordance with described expression patterns (Taniguchi et al., 2011; Pfeffer et al., 2013; Prö nneke et al., 2015) . Recordings were made from mCherry-expressing cells in L2/3 (omitting DREADD activation; Figures 3B, 3F , and 3J). The smaller membrane capacitance (Cm) compared to L2/3 PNs further supported that we had targeted INs ( Figure S3G ; Yang et al., 2013; Tai et al., 2014; Tripathy et al., 2014) .
POm and L4 stimulation evoked depolarizing PSPs in the three IN types ( Figures 3C, 3G , and 3K). Previous reports suggest that POm neurons do not establish synapses with SST INs (Audette et al., 2018) . We tested this in our paradigm by applying tetrodotoxin (TTX) and 4-aminopyridine (4-AP), which isolates monosynaptic inputs (Petreanu et al., 2009) . In SST INs, this resulted in the complete removal of POm-evoked responses, whereas in VIP INs, POm-evoked responses were diminished but remained present ( Figures S3H and S3I) . Thus, our results are congruent with the previously observed robust POm-to-VIP monosynaptic responses and weak POm-to-SST polysynaptic responses (Audette et al., 2018) .
For VIP and PV INs, a single paired stimulation (PS, POm-OS, and L4-ES) evoked mean PSP amplitudes that were similar to what would be predicted based on linear summation of average L4-ES and POm-OS responses alone ( Figures 3C and 3K , predicted PS). In contrast, for SST INs, PS-evoked depolarizing PSP amplitudes were significantly smaller than the predicted PS amplitudes ( Figure 3G ). In fact, the response frequently turned into a hyperpolarizing PSP ( Figure 3G ). In addition, the RPS resulted in a smaller cumulative depolarization as compared to L4-RES, whereas for VIP and PV INs, there was no clear difference ( Figures S3B, S3D , and S3F). These results suggest that PS and RPS result in a net inhibition of SST INs. This potentially translates into diminished SST spiking.
To test this, we measured for each cell type the fraction of stimuli that evoked spikes. We found that SST, VIP, and PV INs intermittently spiked upon POm or L4 stimulation. VIP and PV INs increasingly spiked upon PS, whereas SST INs decreased their spiking activity upon PS ( Figures 3D, 3H , and 3L). Similarly, RPS increased the cumulative spiking of VIP INs as compared to L4-RES (though not of PV), whereas it significantly decreased the cumulative spiking of SST INs ( Figures S3B, S3D, and S3F) .
Altogether, these data show that PS and RPS of L4 and POm inputs increases VIP and PV activity and reduces SST IN activity. VIP INs are strong candidates for causing the observed inhibition of SST INs, because a substantial portion of them densely innervate SST cells (Pfeffer et al., 2013; Lee et al., 2013; Jiang et al., 2015) , and they increasingly spiked upon paired stimuli.
Reduced VIP IN Activity Lowers L2/3 PN PSPs and Increases Inhibitory Conductance
To further understand the role of the three IN types and their possible interactions in the L4-ES and POm-OS-mediated depolarization of L2/3 PNs, we recorded from L2/3 PNs while reducing the activity of these hM4Di-expressing INs with bathapplied CNO ( Figures 4A, 4E , and 4I). We assumed that reducing their activity potentially had widespread effects on barrel column circuits based on the finding that hM4Di-expressing INs were found in areas ($750 mm) exceeding the size of barrel-related columns and because the far majority of each IN population was expressing the transgene within the transfected areas (Figures S3A , S3C, and S3E). We confirmed that CNO reduced the activity of hM4Di-expressing cells by performing targeted recordings of mCherry-positive INs. The CNO caused a significant decrease in the resting potential and reduced the ability to induce APs for the same absolute amount of injected current ( Figures S4A-S4C ).
Reduced SST IN activity significantly increased L4-and POm-evoked PSP amplitudes in L2/3 PNs (Figures 4B-4D ). Conversely, reduced VIP IN activity significantly decreased POm-evoked PSP amplitudes and left L4-evoked responses unaltered ( Figures 4F-4H ). Reduced PV IN activity increased L4-evoked amplitudes but on average left POm-evoked responses unaltered ( Figures 4J-4L) .
The data indicate that normally both SST and PV INs inhibit L4-evoked responses in L2/3 PNs. SST INs, in addition, inhibit POm-evoked responses. VIP INs, on the other hand, disinhibit POm-mediated inputs. Taken together with the earlier finding that PS reduces SST IN and increases VIP IN activity (Figure 3) , the data suggest that PS exerts a disinhibitory effect on L2/3 dendrites by activating VIP INs, which in turn inactivate SST INs (Pfeffer et al., 2013; Lee et al., 2013) .
To test whether VIP INs mediate disinhibition, we measured the inhibitory conductance using voltage-clamp recordings in L2/3 PNs upon PS while decreasing VIP IN activity using hM4Di and CNO (Figures 4M-4O ; STAR Methods). PS-evoked postsynaptic currents were recorded at various holding potentials (À70 mV, À50 mV, À30 mV, and 0 mV) before and after addition of CNO to generate synaptic current-voltage (I-V) curves ( Figure 4M ). Under both conditions, we found a linear relationship between the integrated currents and the holding potentials. Reduced VIP IN activity significantly increased the slope of the I-V curve ( Figure 4M ). Based on the I-V regression slopes and the synaptic reversal potentials, we calculated the inhibitory conductance (Gi) over time (Figures 4N and 4O ; Gambino and Holtmaat, 2012; House et al., 2011; Monier et al., 2008) . The Gi significantly increased upon addition of CNO ( Figures 4N and  4O ), indicating that a reduced VIP IN activity leads to an increase in the inhibition of L2/3 PNs. Altogether, these data suggest that normally the increased activity of VIP INs as elicited by paired L4 and thalamic POm inputs promotes the disinhibition of L2/3 PNs.
Reduced VIP IN Activity Prevents RPS-Evoked LTP in L2/3 PNs
To test whether disinhibition gates RPS-driven LTP, we first measured the effects of RPS on L2/3 PNs while reducing the activity of hM4Di-expressing SST INs with CNO ( Figure 5A) . Under these conditions, RPS evoked significantly larger cumulative PSP amplitudes during rhythmic stimulation as compared to RPS under control conditions ( Figures S5A-S5D ). RPS drove LTP under reduced SST IN activity ( Figures  5B-5D ). Omitting RPS while reducing SST IN activity did not increase PSP amplitudes over time, indicating that the LTP was not due to a ramping up of responses upon prolonged SST IN inactivity ( Figure 5D ). These data are consistent with the idea that disinhibition of L2/3 dendrites is a permissive factor for the induction of LTP.
If VIP INs are driving this disinhibition and their activation is unequivocally required to facilitate LTP, then reduced VIP IN activity should inhibit the LTP. To test this, we measured the effects of RPS on L2/3 PNs while reducing the activity of hM4Di-expressing VIP INs with CNO ( Figure 5E ). Under these conditions, RPS resulted in significantly smaller cumulative and mean PSP amplitudes throughout the pairing (Figures S5A-S5D) , and it did not drive LTP (Figures 5F-5H ). RPS could, however, induce LTP when CNO was not present, and omitting RPS did not increase PSP amplitudes, indicating, respectively, that the lack of LTP was not due to the expression of hM4Di per se and not caused by a ramping down of PSP amplitudes with prolonged VIP IN inactivation ( Figure 5H ).
When PV IN activity was reduced during RPS, LTP could be elicited in some neurons, but not in others ( Figures 5I and 5J ). This implies that the increased activity of PV INs during RPS does not normally prevent LTP. However, for some L2/3 PNs, their activity might be necessary to undergo LTP, which is suggestive of an additional disinhibitory role for PV INs.
These findings prompt the question as to whether disinhibition alone would be sufficient to drive LTP of rhythmically stimulated intracortical synapses or whether direct glutamatergic POm input to L2/3 PNs is an additional requirement. To test this, we expressed hM4Di in SST INs as well as in the POm and reduced Altogether, this results in the disinhibition of L2/3 PN dendrites, which allows interaction between the segregated lemniscal and paralemniscal inputs, of which the lemniscal inputs undergo potentiation (blue star). Note, only the main connections in the supragranular layers that may be relevant for the observed plasticity have been drawn. *p < 0.05; ns indicates ''not significant.'' the activity of both with CNO while rhythmically stimulating L4 (RES; 8 Hz for 1 min; Figure 5K ). L4-RES did not evoke LTP under these conditions ( Figure 5L ). This shows that direct inputs from the POm to L2/3 PNs as well as the disinhibition are required to drive LTP.
Altogether, the data show that the repeated coincident activation of intracortical synaptic circuitry together with higher-order thalamic input gates cortical synaptic plasticity via disinhibition.
DISCUSSION
We showed that the rhythmic co-activation (RPS; 8 Hz) of L4-ascending (predominantly lemniscal) and POm (paralemniscal) projections to S1 induces LTP of synapses on L2/3 PNs. LTP expression was NMDAR dependent and not caused by plasticity of inhibitory synapses. It was occluded when, immediately prior to brain slicing, whiskers were stimulated (10 min at 8 Hz). The latter has been shown previously to induce an LTP of whisker-evoked PSPs (Mé gevand et al., 2009; Gambino et al., 2014) . This suggests that both LTP paradigms share expression mechanisms and most likely recruit similar synaptic circuits. Thus, the ex vivo paradigm that we developed here represents a suitable model for dissecting microcircuits that underlie plasticity of cortical PNs in vivo.
The LTP was observed at synapses that were recruited by electrical stimulation of L4 but was also critically dependent upon POm activity. Similar to previous studies, L4-RES could drive LTP (Aroniadou-Anderjaska and Keller, 1995; CastroAlamancos et al., 1995) , but this was less reliable than RPS. Moreover, decreasing POm activity during L4-RES and RPS prevented LTP. This is congruent with findings in vivo, where a block of POm activity during RWS prevented LTP expression. Thus, collective recruitment or stimulation of intracortical together with long-range axons that ascend through L4, including those originating from the POm, underlies the L4-RES that successfully elicited LTP. The concerted activity of intracortically originating and thalamocortical pathways may be a general phenomenon underlying cortical plasticity (Iriki et al., 1991; Castro-Alamancos et al., 1995; Liu et al., 2015) and bears similarities to the cooperativity between synapses that drives LTP in other preparations (Golding et al., 2002; Sjö strö m and H€ ausser, 2006; Dudman et al., 2007; Brandalise and Gerber, 2014; Basu et al., 2016) .
Although the activity of POm projections was required for the increase in L4-evoked PSP amplitudes, their own synapses were not themselves potentiated. This suggests that the strength of POm synapses is saturated or that they lack the molecular mechanisms to express LTP upon this type of paired stimulation (Crair and Malenka, 1995; Kotaleski and Blackwell, 2010) . Alternatively, the differential effects on POm and L4 inputs may be related to the location of their synapses. The electrical stimulus may recruit various ascending projections traversing through L4, including those originating from L4 and L5 neurons (Feldmeyer, 2012; Petreanu et al., 2009; Lefort et al., 2009) . Therefore, the potentiated synapses that are recruited by L4 stimulation may be located not only on basal dendrites but at various locations along the dendritic tree, including apical dendrites. They may be positioned and perhaps clustered around locations susceptible to compartmentalized calcium events (Kleindienst et al., 2011; Takahashi et al., 2012) , whereas POm inputs may not. In addition, local depolarization at these clusters could be amplified by the disinhibitory gate that we have illustrated (Gentet et al., 2012; Pfeffer et al., 2013; Lee et al., 2013; Pi et al., 2013) .
The LTP occurred in the absence of somatic spikes because we did not observe any during RPS. Thus, the LTP was dependent upon subthreshold depolarization rather than bAPs, similar to RWS-evoked LTP (Gambino et al., 2014) and hippocampal LTP in slices (Golding et al., 2002; Dudman et al., 2007; Brandalise and Gerber, 2014) . Indeed, when we examined the first responses upon RPS, we noticed that PSP amplitudes were significantly higher as compared to those evoked by L4 stimulation alone. The size of LTP expression was correlated with the amplitude of these initial RPS-evoked PSPs, but not correlated with the size of baseline PSP amplitudes under various experimental conditions. In addition, an NMDAR block diminished the temporal summation of RPS-evoked dendritic depolarization. Thus, similar to RWS-driven LTP in vivo, the potentiation of synapses by RPS was dependent on an NMDAR-mediated sustained increase in postsynaptic depolarization.
In addition to the excitatory drive of PNs, both POm and L4 stimulation evoked PSPs in VIP, PV, and SST INs, in agreement with recent studies (Wall et al., 2016; Audette et al., 2018) . The input of POm axons to SST neurons was weak and mostly polysynaptic (Wall et al., 2016; Audette et al., 2018) . Nonetheless, the activation of both pathways caused spikes in all three IN types, and when the two stimuli were combined, the VIP and PV neurons increased their activity. Interestingly, the SST INs experienced a decrease in evoked PSP amplitudes and their spiking rates went down to a level that was lower as compared to L4 stimulation alone. Thus, pairing of the two pathways preferentially activates a cortical circuit that increases VIP and PV and suppresses SST IN activity ( Figure 5M ), conceptually similar to responses mediated by whisking in S1 (Lee et al., 2013; Gentet et al., 2012) , by reinforcement signals in auditory cortex (Pi et al., 2013) and by locomotion in visual cortex (Fu et al., 2014) . L2/3 PN apical dendrites are strongly inhibited by SST INs (Wang et al., 2004; Kapfer et al., 2007) , which are in turn inhibited by VIP INs (Pfeffer et al., 2013; Lee et al., 2013) . Thus, POm and L4 pairing could reduce the inhibition of L2/3 apical dendrites through the suppression of SST IN activity, mediated by increased VIP IN activity ( Figure 5M ). Various types of long-range and local inputs have been shown to recruit a similar disinhibitory circuit (Lee et al., 2013; Pi et al., 2013; Fu et al., 2014) . In our experiments, the synaptic silencing of SST INs increased both POm-and L4-evoked PSP amplitudes, and synaptic silencing of VIP INs suppressed POm-evoked PSPs. Furthermore, reduced VIP IN activity increased the inhibitory conductance in L2/3 PNs when POm and L4 pathways were paired. Therefore, POm activity not only evokes excitatory responses in L2/3 PN dendrites, it also causes a disinhibition when paired with L4 stimulation ( Figure 5M ).
Our results demonstrate that the recruitment of a VIP IN-associated disinhibitory motif is essential for eliciting synaptic plasticity and strongly suggest that excitatory POm projections provide the necessary input to activate it. The effect of these excitatory long-range projections on plasticity, via their activation of disinhibitory VIP INs, bears similarities to the effect of the long-range inhibitory projections from the entorhinal cortex that directly inhibit hippocampal CCK INs to enhance plasticity (Basu et al., 2016) . It is also similar to disinhibitionmediated plasticity that is caused by increased long-range, cholinergic inputs to the auditory cortex (Letzkus et al., 2011) , as well as the plasticity in the visual cortex caused by running (Fu et al., 2015) .
The role of PV INs in the observed plasticity is less clear. The data indicate that their increased activity does not preclude LTP. On the contrary, for some L2/3 PNs, their activity was even necessary for the plasticity. The ambiguous role of PV INs in the paradigm could be explained by the findings that they target, in addition to L2/3 PN perisomatic regions, themselves as well as neurogliaform cells, among others, that in turn inhibit PN dendrites ( Figure 5M ), similar to SST INs (Gibson et al., 1999; Pfeffer et al., 2013; Tremblay et al., 2016; Feldmeyer et al., 2018) . Thus, PV INs could exert direct inhibition as well as disinhibition (Tremblay et al., 2016) . Therefore, for an individual L2/3 PN, the role of PV INs in gating plasticity may ultimately depend on the ratio of inhibition and disinhibition as well on the dendritic locations where both phenomena impinge.
The gating of cortical plasticity by the POm could be widespread. The axonal projections of a single POm neuron to S1 span large cortical areas (Lu and Lin, 1993; Ohno et al., 2012) . Therefore, their activation could unlock a large cortical region for plasticity, thereby allowing receptive field changes beyond a single cortical (barrel) column, which are dependent on postsynaptic and NMDA-driven mechanisms (Diamond et al., 1994; Gambino and Holtmaat, 2012) .
Higher-order thalamic nuclei, such as the POm, are thought to provide feedback and contextual information to primary sensory cortices (Larkum, 2013; Sherman, 2016; Roth et al., 2016) . Our data suggest that these signals could gate plasticity in PNs and reinforce the synapses of the first-order pathways that convey the principal sensory information. This could be a mechanism for the tuning of cortical synaptic circuits during sensory learning. Interestingly, VIP INs in S1 are also activated by projections from the vibrissal primary motor cortex (vM1), which highlights another, now motor-related, mechanism for disinhibiting L2/3 PNs ( Lee et al., 2013) . Thus, whisking and contextual sensory information could cooperate to powerfully gate synaptic plasticity of L2/3 PNs in S1.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS Animals
All procedures were carried out in accordance with protocols approved by the ethics committee of the University of Geneva and the authorities of the Canton of Geneva. All animals were housed at the University of Geneva's Animal Care facility under normal light/dark cycles. We used male, C57BL/6J mice and three transgenic Cre-recombinase driver lines. Inhibitory IN populations were targeted using the following transgenic lines: SST-ires-Cre, VIP-ires-Cre (Taniguchi et al., 2011) , and PV cre (Hippenmeyer et al., 2005) . AAV-directed injections were performed at 4 weeks of age and after 2-3 weeks of infection (2.5-3 months of age) mice were euthanized and slice electrophysiology was performed. All transgenes were used as homozygotes.
METHOD DETAILS Virus Injection
Mice, aged postnatal days 28-35, were anesthetized using isoflurane (4% with 0.5 lmin -1 O 2 ). Body temperature was maintained at 37 C by a feedback controlled heating pad (FHC). Eye ointment was applied to prevent dehydration and mice were put in a stereotaxic frame. The skin was disinfected with betadine. A burr hole was made in the skull with a pneumatic drill above the region of interest. Injections were targeted to the caudal part of the POm (coordinates from bregma: RC,-2.20mm; ML,-1.20mm: DV,-3.00) and/or the BC (coordinates from bregma: RC, À1.5mm; ML-3.5; Z, À0.4) (Gambino et al., 2014) . Expression of ChR2-TdTomato or ChR2-YFP expression was targeted to POm neurons using FLEx AAV vectors (AAV1.CAGGS.Flex.ChR2-tdTomato.WPRE.SV40; AAV5.EF1a.DIO.hChR2(H134R)-eYFP.WPRE.hGH), combined with AAV Cre vectors (AAV9.CMV.PI.Cre.rBG). hM4Di DREADD (Armbruster et al., 2007) was expressed in the POm using non-flex AAVs (AAV2.hSyn.HA-hM4D(Gi).IRES.mCitrine). hM4Di-mCherry was expressed in the VIP-Cre, PV-Cre, and SST-Cre driver lines using a FLEx AAV vector (rAAV8.hSyn.DIO.hm4D(Gi).mCherry).
The virus was injected ($200nl in the POm and $100nl in the BC) using a glass pipette attached to a hydraulic manipulator (MMO-220A, Narishigi) at a maximum rate of 100nl min 1 . The solution was allowed to diffuse for at least 10min before the pipette was withdrawn. Once injections were completed the craniotomy was filled with Kwik-Cast (WPI) and the skin re-attached with stainless steel staples (Precise DS15, 3M). In accordance with Swiss Federal laws, analgesia as provided by local lidocaine (1%) application. A subcutaneous injection of buprenorphine (Temgesic,0.05mg kg -1 ) was given to reduce postoperative pain.
For chemogenetic silencing experiments, CNO (500 nM) was bath applied 5 min prior to the recordings. CNO remained present during the recordings. CNQX (10 mM, Tocris), Ptx (100 mM, Tocris), DAP5 (50 mM, Tocris), 4AP (100 mM, Tocris) and TTX (1 mM. Tocris) were applied in a similar way and remained present throughout the recordings.
Whisker stimulation
For occlusion experiments, 2-4 weeks post-AAV injection, anesthesia was induced using isofluorane and maintained by IP injection of Medetomidine (Dorbene, 1mg kg -1 ) and Midazolam (Dormicum, 5mg kg -1 ) in sterile NaCl 0.9% (MM-mix). All whiskers were deflected (10min, 8Hz) using a piezolelectric ceramic actuator (PL-series PICMA, Physik Intrumente). A perforated plastic plate was attached to the ceramic plate, through which all whiskers were inserted. The plate remained 4mm away from the skin. The voltage applied to the actuator was set to evoke a whisker displacement of 0.6mm with a ramp of 7-8ms. After whisker stimulation, the mouse was immediately decapitated, which was followed by thalamocortical slice preparation, and RPS.
Immunohistochemistry
For immunohistochemical detection and quantification of VIP and SST INs, after electrophysiology, mouse thalamocortical brain sections were fixed in 4% PFA (pH 7.4) for 18-24 hours. Slices were then incubated for 1 hour, free floating in a blocking solution of PBS (pH 7.4) containing 0.025% Triton and 5% Bovine Serum Albumin (BSA). After blocking, slices were incubated for 18-24 hours in blocking solution containing primary antibodies (VIP, rabbit polyclonal IgG; SST, rat IgG2b) at a 1:500 dilution (Lee et al., 2013) ; for Anti-PV (PV, goat) at a 1:5000 dilution (Schwaller et al., 1999) . After incubation in primary antibodies, slices were washed 4 times for 10 minutes in PBS plus 5% BSA at room temperature. They were then incubated for 2 hours in PBS solution containing 5% BSA and the appropriate fluorescence-conjugated secondary antibodies (1:400). After incubation with secondary antibodies, slices were washed 4 times in PBS at room temperature and placed onto glass slides.
QUANTIFICATION AND STATISTICAL ANALYSIS
ChR2 and hM4Di expression analysis The VPM and POm are juxtaposed to each other in the thalamus and to control for any spill over of virus into the VPM a post hoc analysis of the BC was performed. Fluorescent images (10x objective) were taken of slices, PFA-fixed immediately after the ephys recordings. Fluorescence was observed in L1 (from the pia 0-200 mm staining) and L5 (600-800 mm) in all experimental slices. An intensity measurement was performed across the BC. Slices with an intensity measurement of more then 3 3 10 4 a.u. in L4
(400-600 mm) were deemed to have spill-over of AAV in the VPM, and were eliminated from any further LTP analysis.
Confocal microscopy and immunohistochemical analysis
Images were generated using a confocal laser-scanning fluorescence microscope at 40x magnification fluorescence intensity was measured by delineating the edges of all visible cells using ImageJ software and by calculating mean fluorescence in these regions of interest (ROI).
To avoid counting false-positives, two controls were performed. First, images were taken in an area adjacent to injection area (i.e., cells that were not visibly expressing hM4Di-mCherry; Figure S3 ). ROIs were drawn around anti-SST, anti-PV, or anti-VIP positive cells, and fluorescence intensity in the red channel was quantified (green data points in Figure S3 ). Next, images were taken of the injection area in sections on which only the secondary antibody Alexa 647 was applied. ROIs were drawn around hM4Di-mCherry-positive cells, and fluorescence intensity in the green channel was quantified (red data points in Figure S3 ). Each of these quantifications yielded a mean fluorescence ± 2SD, which was subsequently used as the lower-limit on which we based the overlap estimate (i.e., #true positives/#total). Intensities of the experimental cells (yellow data points in Figure S3 .) below these limits were considered as false positive in either channel.
Data analysis
All relevant raw data are available from the authors. Electrophysiological data were acquired using a Multiclamp 700B Amplifier (Molecular Devices) using MATLAB-based Ephus software (Suter et al., 2010) . The data were Bessel-filtered during the recording at 10 kHz. Offline analysis was performed using Event Detection/Template Matching tools in Clampfit 10 software. Templates were created by extracting and averaging segments of data that were manually identified as corresponding to an event within 5ms of ES and/or OS. The same template was used for all depolarizing PSPs and another was adopted for hyperpolarizing PSPs. In Event Detection/Template Matching, the template is slid along the data trace one point at a time and scaled and offset to optimally fit the data at each point. Optimization of the fit was found by minimizing the sum of the squared errors between the fitted template and the data. Since background noise rarely exceeded four times the standard deviation of the noise this was used for optimum template matching. If the event detection program found an event within the corresponding window following stimulation, the event was manually accepted and the program would calculate the peak amplitude. Data points were removed on the bases of a significant change in Rs throughout the experiment and if post hoc viral transfection was not specific. Randomization and blinding methods were not used. Data is presented throughout as mean ± SEM unless otherwise stated.
Paired stimulation synaptic conductances were determined using published methods in voltage clamp using PS postsynaptic currents (PSCs) recorded at 4 different holding potentials (À70, À50, À30, and 0mV; 5 PSCs per V; 0.1 Hz) (House et al., 2011; Monier et al., 2008; Gambino and Holtmaat, 2012) . The relationship between the synaptic current (Isyn) and synaptic conductance (Gsyn) ware given by the following equation: IsynðtÞ = GsynðtÞ Ã ðVcðtÞ=ErevðtÞÞ;
Where Erev and Vc are the synaptic reversal and holding potential, respectively. For each time point, Gsyn and Erev are provided by the slope and the x-intercept of the linear regression fit of the I-V curve, respectively. The inhibitory (Gi) conductance was calculated using the following equation: GiðtÞ = ðGsynðtÞÞ Ã ðEeErevðtÞÞÞ=ðEeEiÞ;
Where Ee and Ei are the excitatory and inhibitory reversal potential respectively. They were estimated to be À84mV and 0mV, respectively, based on the Nernst Equation, with a 32 C bath temperature, and the internal and external patch solution ion concentrations.
Statistical Analysis
For all experiments, n equals the number of cells (no more than 3 cells per mouse per experiment). For immunohistochemical experiments, 3 slices were used from each mouse. All statistical analysis was performed and graphs were created using Prism 7. Unless stated otherwise, a Student's t test was used for statistical comparisons. For analysis of pre versus post comparisons a paired Student's t test was performed. Data was tested for normality using a D'Agastino & Person omnibus normality test. If the data failed normality a Mann-Whitney U test was performed, for paired data a Wilcoxon matched-pairs signed rank test was performed. For comparisons over time a Two-way repeated, analysis of variance (ANOVA) was utilized followed by a post hoc, Bonferroni's multiple comparisons test. For comparisons of the V-I curves linear regressions were performed and an Analysis of Covariance (ANCOVA) to compare slopes ( Figure 4I ). Results were considered statistically significant when the P value < 0.05. No statistical methods were used to estimate sample size. b-power values were calculated and are provided in the Supplemental Information.
